Psychiatric disorders such as anxiety, depression and addiction are often comorbid brain pathologies thought to share common mechanistic biology. As part of the cortico-limbic circuit, the nucleus accumbens shell (NAcSh) plays a fundamental role in integrating information in the circuit, such that modulation of NAcSh circuitry alters anxiety, depression, and addiction-related behaviors. Intracellular kinase cascades in the NAcSh have proven important mediators of behavior. To investigate glycogensynthase kinase 3 (GSK3) beta signaling in the NAcSh in vivo we knocked down GSK3beta expression with a novel adeno-associated viral vector (AAV2) and assessed changes in anxiety-and depression-like behavior and cocaine self-administration in GSK3beta knockdown rats. GSK3beta knockdown reduced anxiety-like behavior while increasing depression-like behavior and cocaine self-administration. Correlative electrophysiological recordings in acute brain slices were used to assess the effect of AAVshGSK3beta on spontaneous firing and intrinsic excitability of tonically active interneurons (TANs), cells required for input and output signal integration in the NAcSh and for processing reward-related behaviors. Loose-patch recordings showed that TANs transduced by AAV-shGSK3beta exhibited reduction in tonic firing and increased spike half width. When assessed by whole-cell patch clamp recordings these changes were mirrored by reduction in action potential firing and accompanied by decreased hyperpolarization-induced depolarizing sag potentials, increased action potential current threshold, and decreased maximum rise time. These results suggest that silencing of GSK3beta in the NAcSh increases depression-and addiction-related behavior, possibly by decreasing intrinsic excitability of TANs. However, this study does not rule out contributions from other neuronal sub-types.
Introduction
Mood disorders such as anxiety and depression have high comorbidity with drug addiction in humans (Pettinati et al., 2013) . Dysregulation of the reward system may constitute a common molecular mechanism of these neuropsychiatric disorders and therefore understanding complex neuroadaptations common to neuropsychiatric disorders constitutes a promising avenue for therapeutics.
The nucleus accumbens is heavily implicated in the control of emotional behavior and reward (Pontieri et al., 1995; Pliakas et al., 2001; Green et al., 2006; Nestler and Carlezon, 2006; Larson et al., 2011) . As part of the ventral striatum, the nucleus accumbens has as its sole output two major populations of medium spiny neurons (MSNs) whose activity is modulated by a population of tonically active interneurons (TANs), which are mostly cholinergic (Lenz and Lobo, 2013) . Despite comprising not more than 5% of the total population of neurons in the NAc, TANs play important roles in reward prediction, task attention, memory, addiction, and aversive behaviors (Aosaki et al., 1994; Apicella, 2002; Anagnostaras et al., 2003; Furey et al., 2008; Williams and Adinoff, 2008; Lenz and Lobo, 2013) . TANs control MSN activity and are particularly responsive to salient reward-related stimuli (Morris et al., 2004) . Early studies have provided evidence for a role of TANs in cocaine addiction with immunotoxin mediated cell ablation resulting in increased sensitivity to cocaine (Hikida et al., 2001 ) and preventing behavioral abnormalities associated with cocaine induced by centrally active acetylcholinesterase inhibitors in the NAc (Hikida et al., 2003) . More recently, studies using optogenetics confirmed that selective inhibition of TANs results in suppression of cocaine induced behaviors (Witten et al., 2010) , further confirming the pivotal role of these cells in reward behavior and addiction. At the circuit level, activation of TANs has been shown to elicit both fast glutamatergic transmission (Higley et al., 2011) and GABAergic inhibition of MSNs, the latter coincident with synchronous cholinergic activation and sufficient to pause MSNs firing (English et al., 2012) . These studies suggest a complex role of these cells in the NAc circuit that deserves further investigation.
Intracellular kinase signaling cascades, activated through a variety of mechanisms, have proven important mediators of NAcSh function, and by extension, the etiology of neuropsychiatric disorders. Specifically, the ERK/MAPK, PKA, and PKC signaling cascades have been studied in the NAcSh with success (Self et al., 1998; Schroeder et al., 2008; Ortinski et al., 2015) . The AKT/GSK3b pathway has also garnered particular attention for its role in dopamine signaling, the actions of antipsychotic drugs, and even responses to addictive drugs, especially in the nucleus accumbens (Perrine et al., 2008; Beaulieu et al., 2009; Nwaneshiudu and Unterwald, 2010; Beaulieu et al., 2011; Wilkinson et al., 2011; Miller et al., 2014) .
GSK3b was originally discovered for its role in glycogen synthesis but has since been implicated in a variety of cellular processes (Wildburger and Laezza, 2012) , and dysregulation of this kinase has been implicated in bipolar disorder and neurodegenerative disorders (Grimes and Jope, 2001; Jope, 2011) . One of the mechanisms of action of lithium, the commonly prescribed mood stabilizer, is inhibition of GSK3b (Klein and Melton, 1996; Stambolic et al., 1996) . Heterozygous GSK3b knockout mice show reductions in depression-like behavior similar to the effects of lithium (O'Brien et al., 2004) . Drugs of abuse, especially cocaine, can modulate levels of GSK3b in the NAc (Perrine et al., 2008) and GSK3b is involved in cocaine-induced hyperactivity, cocaine sensitization, cocaine reward memory, and cocaine conditioned place preference (Miller et al., 2009 Shi et al., 2014) . Previous studies indicate that the role of GSK3b is highly dependent on brain region and even cell type as global knockdown may not have the same effects as regional or even cell-type specific knockdown (Latapy et al., 2012; Urs et al., 2012; Zhou et al., 2012) . Thus, GSK3b has therapeutic potential for comorbid depression and addiction, but knowledge gaps exist on its brain region specific mechanism of action.
The environmental enrichment manipulation combines novelty, exercise, and social contact to produce robust protective depression and addiction phenotypes (Green et al., 2002 (Green et al., , 2010 . Enrichment increases the ratio of phosphorylated (inactive) to total GSK3b in the hippocampus and cortex (Hu et al., 2013) and environmental enrichment is able to reverse cognitive deficits caused by constitutively active expression of GSK3 in mice (Pardo et al., 2015) . Therefore GSK3 may be involved in protecting against depression and addiction phenotypes.
The role of GSK3b in cocaine self-administration, the addiction paradigm with the most face validity, is so far lacking. Additionally, few studies have examined anxiety and depression behaviors along with addiction-related behaviors in the same animals. The current study therefore explores anxiety-like, depression-like, and addiction-related behaviors in the same animals following knockdown of GSK3b in the NAcSh of rats.
In order to analyze the role of GSK3b specifically in the NAcSh in behavior relevant to affective disorders and drug addiction, we designed and constructed a novel adeno-associated viral vector (AAV2) which uses RNA interference to knockdown GSK3b in adult rats and allows for prolonged knockdown of GSK3b in the adult brain. The AAV2 serotype infects neuronal cells in vivo but is not specific to any one neuronal cell type. To provide correlative functional outcomes to the behavioral studies we investigated the role of GSK3b on spontaneous firing and intrinsic excitability of tonically active neurons (TANs), comparing electrophysiological properties of these neurons between GSK3b knockdown vs. control.
Materials and methods

Animals
Male Sprague-Dawley rats (Harlan, Houston, TX) were obtained at 21-days-old (electrophysiology) or 225e250 g (behavior) and maintained in a controlled environment (temperature, 22 C; relative humidity; 50%; 12 h light/dark cycle, lights on 0600 h) in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) approved colony in standard polycarbonate cages with ad libitum access to food and water except during surgery and behavioral experiments. All surgical procedures and experiments conformed to the NIH Guide for the Care and Use of Laboratory Animals and approved by The University of Texas Medical Branch Institutional Animal Care and Use Committee.
Timeline of behavior following GSK3b knockdown
Rats in the behavioral cohort underwent stereotaxic vector injection one week after arrival. Three weeks later, rats underwent a battery of behavioral tests beginning with spontaneous behaviors (order of tests: elevated plus maze, sucrose neophobia, locomotor activity, social contact, sucrose preference, cold stress defecation) for two weeks, followed by food regulation to 85% body weight over one week and sucrose pellet responding for three weeks. Rats were subjected to one behavioral test at a time and anxiety and appetitive tests occurred prior to drug tests. Rats were then implanted with an indwelling jugular vein catheter and after one week of recovery, behavioral experiments resumed with drug selfadministration (acquisition, maintenance, dose response, progressive ratio, and reinstatement). Rats were between 225 and 250 g on arrival and the average weight on the day of the stereotaxic vector injections was 295 g (average 293 g controls, 296 g for shGSK3b). Average weight after spontaneous behaviors and before food restriction prior to sucrose pellet responding was 425 g (avg. 424 g for controls, 425 g for shGSK3b). Average rat weight on the day of catheter implantation was 445 g (447 g for controls, 445 g for shGSK3b). Following drug-self administration, animals were anesthetized, decapitated, and the placement of the vector was verified. See Fig. 2A for timeline of behavioral testing.
In vivo knockdown of GSK3b
In order to knockdown GSK3b in vivo, rats were anesthetized with isoflurane (VetEquip, Pleasanton, CA) and injected bilaterally with control vector (AAV-shCTRL) or a novel vector designed to knockdown GSK3b (AAV-shGSK3b) into the NAcSh (1 ml/side over 10 min) using stereotaxic coordinates (21-day-old: AP ¼ 1.5, L ¼ 1.8, V ¼ À5.9; behavior: AP ¼ 1.6, L ¼ 2.2, V ¼ À6.7, 10 lateral angle).
After injection of 1 ml bilaterally, the needles remained in place for 10 additional minutes in order to allow for spread of the vector and to prevent the vector from spreading up the needle track. AAVshCTRL expresses a non-targeted hairpin, differing only in hairpin sequence (Benzon et al., 2014) . Accurate placements were confirmed post-behavioral experiments by anesthesia and decapitation followed by extraction of the brain and visualization of the native enhanced green fluorescent protein (eGFP) fluorescence with a Dual Fluorescent Protein Flashlight and VG2 barrier filter glasses (Nightsea, Bedford, MA) (Anastasio et al., 2014) . No animals were excluded based on vector placement. Electrophysiological recordings were made from cells expressing GFP only in the NAc shell region by visual identification with an upright fluorescent microscope.
Construction of viral vector knocking down GSK3b
The novel AAV2 vector was constructed to decrease GSK3b in vivo using methods previously described (Hommel et al., 2003; Benzon et al., 2014) . First, target sequences (24 nt) were chosen from the coding region of the rat GSK3b mRNA sequence. Optimal sequences contained~50% cytosine/guanine, little overlap with other mRNAs, and low potential for unwanted secondary structure. Five target sequences were chosen and designed so that the antisense and sense sequences were linked by an miR23 loop. When expressed, the antisense and sense sequences duplex, forming a hairpin structure. Five hairpins were synthesized with XbaI and SapI restriction endonuclease sites, inserted into an AAV2 plasmid expressing GFP, and verified by sequencing. The mouse U6 promoter expresses the hairpins while the cytomegalovirus promoter expresses eGFP.
In vitro validation of hairpin
In order to determine which of the five hairpins was most effective in vitro, we co-transfected HEK293 cells with a plasmid that overexpresses rat GSK3b and either an shRNA plasmid or a control shRNA plasmid using Lipofectamine 2000 (LifeTechnologies, Grand Island, NY). Forty-eight hours later, the cells were harvested, RNA extracted (RNeasy Minikit, Qiagen) and reverse transcribed to cDNA (SuperScript III First Strand Synthesis: Invitrogen 18,080,051). Relative knockdown was determined with quantitative real-time PCR (Applied Biosystems, Foster City, CA) on an Applied Biosystems 7500 fast thermocycler with validated primers designed to detect rat GSK3b (forward: TGGCAGCAAGG-TAACCACAG; reverse: CGGTTCTTAAATCGCTTGTCCTG). The hairpin plasmid with the highest knockdown in vitro was packaged and used for all experiments (5'.CAACTTTACCACTCAAGAACTGTC.3'). AAV was packaged by The University of North Carolina Gene Therapy Core facility. Viral titer was determined using dot blot analysis and ranged from 1 Â 10 10.2 to 1 Â 10 13 DRP/ml.
Ex vivo validation of packaged vector
In order to validate the knockdown of the AAV-GSK3b vector, the nucleus accumbens from AAV-shCTRL and AAV-shGSK3b injected rats were analyzed via Western blot with previous methods (Zhang et al., 2014) . Briefly, the nucleus accumbens were homogenized in a buffer with sucrose, Hepes buffer, sodium fluoride, 10% SDS, and protease and phosphatase inhibitors (Sigma: P-8340, P-2850, P-5726) and the protein concentration was determined with the Pierce BCA Protein Assay Kit (Thermo Scientific, IL, USA). Samples were denatured at 95 for 5 min and run on a 10% polyacrylamide gel (Criterion TGX, Bio-Rad Laboratories, CA, USA) then transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, MA, USA). The membrane was blocked by nonfat dry milk, incubated with mouse anti-GSK3b (1:1000, Cell Signaling, cat. 9832S) and rabbit anti-GAPDH (1:2000, Cell Sig, cat. 2118S) primary antibodies, then washed with TBST and incubated with fluorescent secondary antibodies donkey anti-rabbit (680 nm, 1:15,000, Li-Cor Biosciences, NE, USA, cat. 926e32,212) and donkey anti-mouse (800 nm, 1:15,000, Li-Cor, cat. 926e32,212). Western blots were imaged and protein levels quantified and normalized to GAPDH (Odyssey, Li-Cor Biosciences).
2.3. Anxiety-like behavior following GSK3b knockdown 2.3.1. Sucrose neophobia Three weeks after vector injection, neophobia to a novel taste (sucrose) was assessed in shGSK3b and control rats using methods described previously (Zhang et al., 2014) . Rats were separated into new cages at 1600 h without access to water, and at 1800h, a 1% w/v sucrose solution in water was placed on each cage for 30 min. Sucrose consumption was calculated by the difference in bottle weight from pre-drinking. Rats were returned to their home cages and given a single bottle with the same 1% w/v sucrose solution in water for 72 h, ending 48 h prior to the sucrose preference test.
Cold stress-induced defecation
Anxiety-like behavior was also assessed by measuring the amount of defecation in response to a mild stressor (cold). Polycarbonate mouse cages (33 Â 17 Â 13 cm) were pre-chilled on ice for 10 min or until the temperature was approximately 12 C. Rats were placed into the cages on ice (one rat per cage) and the number of fecal boli produced were recorded every 5 min for 30 min. After 30 min rats were returned to their home cages.
Elevated plus maze
Anxiety-like behavior was examined by placing animals on an elevated maze with two open arms and two closed arms measuring 12 Â 50 cm, 75 cm above the floor for 5 min (~60 lux open arms,~20 lux closed arms; Med Associates Inc., VT, USA). The amount of time spent on the open arms and closed arms along with the number of open arm entrances and closed arm entrances were analyzed by photobeam breaks using Med-PC software (Zhang et al., 2014) .
Depression-like behavior following GSK3b knockdown
Sucrose preference
Depression-like behavior was assessed by determining preference for a 1% w/v sucrose solution over water. Rats were separated and placed into new cages without access to water at 1600 h for 2 h. At 1800h, a bottle of water was placed in the normal water position and a bottle with sucrose (1% w/v) was placed~10 cm away. Rats were allowed to drink from either bottle for 30 min then returned to their home cages and the bottles were weighed. Percent sucrose consumed was determined by dividing the change in weight of the sucrose bottle divided by the change in weight of both the sucrose and the water bottles.
Social contact
Differences in social behavior were assessed by measuring grooming behavior after 24 h of separation. Rats were separated in new cages for the 24 h immediately prior to the social contact test. Control and shGSK3b rats were placed in a novel environment (plastic container, 45 Â 40 Â 45 cm) with a 2-inch layer of regular corncob bedding with their original cage-mate (controls with controls and knockdown with knockdown). Behavior was video recorded for 30 min. Rats were returned to their home cages after 30 min. The time spent grooming each other was measured for each pair by a researcher blinded to the conditions (Zhang et al., 2014) .
Cocaine self-administration following GSK3b knockdown
Intravenous catheter implantation
Rats were anesthetized with ketamine (100 mg/kg IP) and xylazine (10 mg/kg IP) and a Silastic catheter was inserted into the jugular vein exiting the animal's back Zhang et al., 2014) . To promote catheter patency and prevent infection, catheters were infused daily with 0.1 ml of sterile saline solution with heparin (30.0U/ml), penicillin G potassium (250,000U/ml) and streptokinase (800U/ml). Animals recovered for 7 days before beginning cocaine self-administration (SA). One animal lost catheter patency during SA and did not complete all SA tests.
Acquisition
Prior to catheter implantation, rats were food restricted to 85% body weight over 7 days then placed in operant chambers (30 Â 24 Â 21 cm, Med-Associates, St. Albans, VT) with one active lever, one inactive lever, two cue lights, a food hopper/dispenser, and a house light. Rats were trained to lever press for sucrose pellets on fixed ratio (FR) 1-FR5 for 15 min per day and trained on extinction and progressive ratio schedules of reinforcement (Zhang et al., 2014) . After recovery from catheter surgery, rats were allowed to self-administer cocaine dissolved in saline (0.2 mg/kg/infusion, Research Triangle Institute, NC) on an FR1 schedule for 2 h/day for 7 days. Infusions were signaled by illumination of two cue lights above the active and inactive levers for 20s, which also signaled a timeout period during which no further infusions could be obtained. Infusions were delivered intravenously in a volume of 0.1 ml over 5.8s upon depression of the active lever (left).
Maintenance
After animals acquired the task, maintenance responding was assessed at a higher dose of cocaine (0.5 mg/kg/inf) for 2 h/day for 5 days on an FR1 schedule.
Fixed ratio dose response
Prior to dose response, rats underwent extinction training for 3 days where cocaine (0.5 mg/kg/inf) was available for 1hr followed by 3 h where lever presses resulted in illumination of cue lights but no drug infusions. Rats then self-administered cocaine at 8 different doses (0.5, 0.25, 0.125, 0.06, 0.03, 0.015, 0.0075, 0 .00325 mg/kg/inf) in descending order for 30 min per dose for a total session time of 4 h on an FR1 schedule of reinforcement for five days.
Progressive ratio
Rats self-administered cocaine on a progressive ratio schedule of reinforcement (1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603, 737, 901 ) at a dose of 0.5 mg/ kg/inf for 3 sessions and then 0.125 mg/kg/inf for 3 sessions. The program ended and rats were removed from the chamber when they did not receive an infusion for more than 1 h or after 8 h total.
Cocaine-induced reinstatement
Rats self-administered cocaine for 1 session (0.5 mg/kg/inf; 2 h; FR1) before a within-session reinstatement procedure began. Rats received 0.5 mg/kg/inf on an FR1 schedule for 1hr followed by 3 h of extinction (with contingent cue light). Next they received an IV infusion of cocaine of one of five doses (0, 0.0625, 0.125, 0.25, 0.5 mg/kg) in a semi-random order for each rat across the 5 sessions of reinstatement (pattern of doses was randomly assigned for 10 animals and applied to both groups). Cocaine-induced reinstatement responding was assessed for 3 h following the single IV infusion where the animals again received cocaine cues but no infusions as with extinction. Reinstatement sessions were followed by 2 intervening days of high dose (0.5 mg/kg/inf) cocaine on an FR1 schedule for 2 h to maintain a high level of responding (Green et al., 2010) .
2.6. Electrophysiology following GSK3b knockdown 2.6.1. Slice preparation Acute coronal slices containing the NAc were prepared from control and shGSK3b rats 21e30 days following surgery. Rats were decapitated, brains were dissected and 300 mm coronal slices containing the NAc were prepared with a vibratome (Leica Biosystems, Buffalo Grove, IL) in an iced sucrose-based artificial cerebral spinal fluid (aCSF), consisting of the following (in mM): 56 NaCl, 100 Sucrose, 2.5 KCl, 20 glucose, 5 MgCl 2 , 1 CaCl 2 , 30 NaHCO 3 , and 1.25 NaH 2 PO 4 , osmolarity 300e310 and continuously oxygenized and equilibrated to pH 7.4 with a mixture of 95% O 2 /5% CO 2 . Slices were transferred to an incubation chamber with standard aCSF consisting of the following (in mM): 130 NaCl, 3.5 KCl, 10 glucose, 1.5 MgCl 2 , 1.4 CaCl 2 , 23 NaHCO 3 , and 1.25 NaH 2 PO 4 , osmolarity 300e310, oxygenated and equilibrated to pH 7.4 with a mixture of 95% O2/5% CO2 at 31 C.
Loose-patch recording and data analysis
After 1e2 h of recovery, acute brain slices were placed in a submerged recording chamber on the stage of an upright microscope (Axioskop2 FS plus; Zeiss). Slices were continuously perfused at room temperature with standard aCSF (~2 ml/min) and equilibrated for 15e20 min prior to recordings. Loose-patch recordings were obtained from visually identified GFP positive neurons expressing AAV shRNA against GSK3b or scramble shRNA neurons in the NAcSh. Recording pipettes (3e4 MOhm) were fabricated from borosilicate glass (WPI) using a two-step vertical puller PC-10 (Narishige), and filled with standard aCSF. Loose-patch somatic recordings of spontaneously active neurons of relative large soma size corresponding to what has been previously characterized as tonically active neurons (Pisani et al., 2007) were performed using a MultiClamp 700B (Molecular Devices), low-pass filtered at 2.2 kHz, and sampled at 20 kHz using a Digidata 1322A analog-to-digital interface and pClamp9 acquisition software (Molecular Devices). The seal resistance for loose-patch recordings was typically 50e100 MU.
Whole cell patch clamp recording and data analysis
Whole-cell patch-clamp experiments were performed using Axopatch 200B and Multiclamp 700B amplifiers. Somatic recordings in standard aCSF from visually identified TANs were performed with pipettes (resistance of 3e5 MU) filled with an internal solution containing (in mM): 145 K-gluconate, 2 MgCl 2 , 0.1 EGTA, 2 Na 2 ATP, and 10 HEPES (pH 7.2 with KOH; 290 mOsm). After seal formation and cell membrane rupture, TANs were held in voltageclamp mode for 1e2 min with subsequent switch to current clamp mode to assess neuronal activity. Data acquisition and stimulation were performed with a Digidata 1322A Series interface and pClamp 9 software (Molecular Devices, Sunnyvale, CA). Data were filtered at 2 kHz, digitized at 20 kHz. Neuronal intrinsic excitability was assessed by measuring evoked action potentials with a range of current injections of constant increment (800 msec current square pulses with 10 pA increment). Action potential (AP) current threshold (Itrh) was defined as the current step at which at least one spike was induced. AP voltage threshold (Vtrh) was defined as the voltage at which the first-order derivative of the rising phase of the AP exceeded 10 mV/ms . Maximum rise and decay of APs were defined as maximal derivate value (dV/dt) of the depolarizing and repolarizing phases of the AP, respectively. Spontaneous action potential firing from TANs was assessed in current clamp mode at resting membrane potential. To analyze the sag of TANs, cells were set to membrane potential of À70 mV with current injection. The range of current steps from À120 pA to þ20 pA with 20 pA increment (500 ms duration) was applied to estimate sag amplitude. All electrophysiology data were analyzed with pCLAMP 10 and GraphPad Prism 6 software.
Statistical analysis
Statistical significance was set at p < 0.05 and all data are expressed as mean ± SEM. Students t-test was used to compare means for single-factor analyses. The Welch-Satterthwaite method was used to adjust df in cases where there was a violation of the homogeneity of variance. The Mann-Whitney test was used for the cold stress-induced defecation, as these data are not normally distributed. Two-way repeated measures ANOVAs were used to compare differences among conditions for remaining experiments using SPSS and GraphPad Prism 6 software.
Results
Vector knockdown validation
The hairpin sequence was first validated in vitro by cotransfecting HEK293 cells with a plasmid expressing GSK3b and either the control hairpin plasmid or each of the GSK3b hairpin plasmids and comparing the amount of GSK3b mRNA in the cells. The chosen shRNA construct reduced the amount of GSK3b mRNA by > 90% (Fig. 1A) . AAV-shGSK3b was further validated in vivo by injecting AAV-shGSK3b or AAV-shCTRL into the NAcSh and comparing the amount of GSK3b protein expression via Western blot analysis. AAV-shGSK3b decreased the GSK3b protein level in the NAc by 35% (Fig. 1B, normalized to GAPDH ). This in vivo knockdown level is a similar level as a previous AAV RNA interference study (Hommel et al., 2003) . The nature of gross dissection is that the majority of the cells present are non-neuronal and not transduced by the vector, so 35% knockdown is expected and represents in vivo validation of the vector.
Vector placement validation
Accurate placement of the vectors was confirmed in all rats after the behavioral tests by extracting the brains and visualizing GFP fluorescence with a DFP flashlight while wearing VG2 barrier filter glasses. All rats had GFP expression in the left and right accumbens shell regions and spread of the vector was roughly spherical with a diameter of 1 mm and generally between 2.2 mm and 0.7 mm anterior from bregma, which is expected with our stereotaxic coordinates. Although some GFP could be seen outside the NAcSh, the majority of GFP positive cells were in the accumbens shell, consistent with our previous vector studies (Green et al., 2006; Green et al., 2008 Green et al., , 2010 Wallace et al., 2008) . No rats were excluded from analysis based on vector placement (Fig. 1C) . Electrophysiological recordings were confined to GFP positive cells in the nucleus accumbens shell region via visual identification.
Knockdown of GSK3b in the NAcSh produces anxiolytic-like behavior
The effect of reduced GSK3b in the NAcSh on anxiety-like behavior was tested with three assays. We found that knockdown animals consumed more sucrose than controls (t (18) ¼ -2.1, p ¼ 0.048) when unfamiliar with the taste of sucrose (Fig. 2B ). In addition, knockdown rats defecated less compared to controls in a mild-stress environment (i.e. cold; Fig. 2C , U ¼ 29, p ¼ 0.049). We found no significant differences in open/closed arm exploration in the elevated plus maze due to high variance and no differences in open/closed arm entrances ( Figure S1 A-B) . Although we found no effect in the EPM test, the sucrose neophobia and cold stress defecation tests both indicate that knockdown of GSK3b in the NAcSh produces anxiolytic-like behavior.
Knockdown of GSK3b in the NAcSh increases depression-like behavior
Although GSK3b knockdown rats consumed more sucrose in the neophobia test (i.e. anxiety-related), we found that these same rats preferred the same sucrose concentration less than controls when familiar with the taste (i.e. depression-related; Fig. 2D , t (19) ¼ 2.1, p ¼ 0.046). Modeling social withdrawal, we found that shGSK3b rats groomed each other less than controls after a brief separation (Fig. 2E , t (4.5) ¼ 3, p ¼ 0.035). The assumption of homogeneity of variance in the social contact test was violated so the t-test degrees of freedom were adjusted to correct for this. It is important to note that this difference in grooming behavior was not due to differences in general locomotor activity, as spontaneous locomotor activity did not differ between knockdown and control rats (Fig. S2) . Sucrose preference is a model of anhedonia and social contact is a model of social withdrawal, therefore these results suggest knockdown of GSK3b in rat NAcSh increases depression-like behavior.
Knockdown of GSK3b in the NAcSh increases addiction-related behavior
Cocaine-taking and seeking behavior was assessed in GSK3b knockdown animals and controls using the intravenous cocaine self-administration paradigm. Prior to cocaine SA, shGSK3b and control rats were assessed for their ability to learn an operant task and we found no differences in operant responding for sucrose pellets (data not shown). However, we did find differences in cocaine-taking and seeking behavior. For acquisition, Mauchly's Test of Sphericity indicated that the assumption of sphericity had been violated, c 2 (20) ¼ 78.4, p < 0.001, therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity (ε ¼ 0.48). The results show a main effect of session during acquisition of cocaine self-administration (F (1,2.9) ¼ 7.05, p < 0.001) and a trend toward increased cocaine-taking in shGSK3b rats during acquisition (Fig. 3A, F (1,19) ¼ 3.4, p ¼ 0.082). There was no significant interaction for acquisition of cocaine selfadministration (Fig. 3A, F (1,2.9 ) ¼ 1.15, p ¼ 0.33). For maintenance responding Mauchly's Test of Sphericity indicated the assumption of sphericity had been violated, c 2 (9) ¼ 21.7, p < 0.01, therefore degrees of freedom were corrected using GreenhouseGeisser estimates of sphericity (ε ¼ 0.66). There was a significant increase in maintenance responding at 0.5 mg/kg/inf in shGSK3b rats compared to control rats (Fig. 3B, F (1,18) ¼ 6.3, p ¼ 0.021) with a main effect of session (F (1,2.62) ¼ 2.95, p ¼ 0.049). There was no significant interaction effect for maintenance responding (F (1,2.62) ¼ 0.48, p ¼ 0.672). We found no significant differences between shGSK3b and control rats in extinction responding or reinstatement responding (data not shown, p > 0.05). For cocaine dose response, again Mauchly's Test of Sphericity indicated the assumption of sphericity had been violated c 2 (27) ¼ 83.2, p < 0.001, therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity (ε ¼ 0.42). There was no main effect of group (F (1,18) ¼ 2.06, p ¼ 0.168), however controls and shGSK3b rats both produced dose response functions for cocaine with a significant main effect of dose (F (1,2.96) ¼ 340, p < 0.001) and there was a significant dose Â group interaction (F (1,2.96) ¼ 3.7, p < 0.018). The nature of this interaction was shGSK3b rats show increased intake at the highest dose. Overall, our cocaine self-administration results show that knockdown of GSK3b in the NAcSh altered addiction-related behavior, increasing maintenance responding, a trend toward increased acquisition, and an interaction of dose and group for dose response.
Knockdown of GSK3b in the NAcSh reduces spontaneous neuronal firing
To determine whether GSK3b knockdown correlated with functional outcomes of neuronal activity, AAV-shGSK3b or control vector was stereotaxically injected into the NAcSh and acute brain slices prepared 3e4 weeks later. Loose-patch recordings of visually identified, eGFP expressing neurons revealed that GSK3b knockdown led to a significant decrease in spontaneous firing rate compared to TANs from control animals (Fig. 4AeB, t (36) ¼ 2.3, p ¼ 0.025) and an increase in the spike half-width ( Fig. 4CeD ;
Knockdown of GSK3b in the NAcSh altered intrinsic excitability of TANs
To determine whether reduced spontaneous firing in loosepatch correlated with changes in intrinsic excitability, whole-cell patch clamp recordings of TANs in both control vector and GSK3b knockdown vector conditions were performed. Representative traces of spontaneous firing recorded at resting membrane potential are shown for control vector in Fig. 5A and GSK3b knockdown vector in Fig. 5B . The spontaneous firing frequency was significantly lower in the cells transduced with the knockdown vector (t (26) ¼ 2.357, p ¼ 0.0262, Fig. 5C ). When TANs are hyperpolarized to negative voltages, a typical sag potential is observed as a result of activation of HCN-mediated Ih current (Bennett and Wilson, 1999; Wilson, 2005; Deng et al., 2007; Pisani et al., 2007) . Accordingly, upon membrane hyperpolarization, typical depolarizing sag potentials in response to different current injections were observed in TANs from both control and knockdown groups (inset, 500 msec, 20 pA/step Fig. 5DeE) . Notably, though, GSK3b knockdown vectortransduced neurons exhibited a significant reduction in the amplitude of this hyperpolarization-induced sag at À80 pA (t (29.99) ¼ 2.704, p ¼ 0.011), À100 pA (t (26.5) ¼ 2.670, p ¼ 0.013), and À120 pA (t (26.66) ¼ 2.710, p ¼ 0.012). Intrinsic excitability of GSK3b knockdown transduced TANs and controls was further characterized by analyzing the input-output curve corresponding to the neuron firing frequency in response to incremental steps of depolarizing current injections (Fig. 5GeI) . As illustrated in Fig. 5I , no changes in firing frequency were found in the two groups across all tested current steps. However, additional analysis revealed significant changes in the action potential (AP) kinetics and threshold induced by GSK3b knockdown (Fig. 5JeN) . In GSK3b knockdown transduced TANs, the AP maximum rise was reduced compared to the control vector (t (31) ¼ 2.167, p ¼ 0.038; Fig. 5K ) while no significant changes were found in the AP maximum decay (Fig. 5L) . Furthermore, AP current threshold was significantly increased in the GSK3b knockdown group (U (220,341) ¼ 84, p ¼ 0.0423; Fig. 5N ), while no changes were found in AP voltage threshold (Fig. 5M) . These results indicate that knockdown of GSK3b in the NAcSh alters intrinsic excitability of TANs, likely contributing to reduced spontaneous firing.
Discussion
This study found that GSK3b in the NAcSh of rats modulates addiction-, depression-, and anxiety-related behavior and also causes a reduction in spontaneous activity of TANs attributable to changes in intrinsic excitability. However, it is important to note that with the current state of technology, it is impossible to state for certain that the observed electrophysiological results in TANs directly produced the observed behavioral effects. Regardless, given that GSK3b knockdown increases rather than decreases cocaine self-administration, these behavioral results are more consistent with decreased intrinsic excitability of TANs than that of medium spiny neurons (see discussion below).
Knockdown of GSK3b in the NAcSh specifically results in decreased anxiety-like behavior in the sucrose neophobia and coldstress induced defecation tests but no change in behavior in the elevated plus maze, likely due to the high within-group variance inherent in this behavior. Additionally, knockdown of GSK3b increased depression-like behavior in the sucrose preference and social contact tests and increased drug taking behavior in cocaine self-administration maintenance responding, with a trend for an increase in acquisition. However, there were no differences in drug seeking behavior in extinction, progressive ratio, or cocaineinduced reinstatement tests.
Although depression and anxiety are often (but certainly not always) comorbid in humans (Kessler et al., 2005; Pettinati et al., 2013) , the opposite modulation of depression and anxiety in the current studies is perfectly consistent with previous manipulation of the NAcSh (Green et al., 2006 (Green et al., , 2010 , as is the congruent behavioral phenotypes for depression and addiction (Hikida et al., 2001; Green et al., 2010; Larson et al., 2011; Warner-Schmidt et al., 2012) . This could be idiosyncratic to the NAcSh, or to rats in general; regardless, the current behavioral phenotypes (decreased anxiety-like, but increased depression-and addiction-like behavior) are perfectly consistent with what we understand about the rat NAcSh.
In behaving animals, tonically active cholinergic interneurons modulate release of dopamine in the accumbens and have been shown to play an important role in drug-related behaviors (Green et al., 2001; Berlanga et al., 2003; Pisani et al., 2007; Witten et al., 2010; Cachope et al., 2012) . Consistent with our current behavioral and electrophysiological results, it has been reported that increased depression-like behavior and addiction-related behavior in the NAc can be induced by ablation of tonically active cholinergic interneurons (Hikida et al., 2001; Warner-Schmidt et al., 2012) .
Tonically active neurons (TANs) are critical interneurons in the NAcSh previously shown to be important for reward processing (Hikida et al., 2001; Berlanga et al., 2003; Apicella, 2007; Witten et al., 2010; Cachope et al., 2012) . They receive inputs from the cortex (glutamatergic), substantia nigra and VTA (dopaminergic), and from medium spiny neurons (GABAergic) and synapse mainly onto MSNs and other tonically active neurons (Lenz and Lobo, 2013) . Although TANs are a relatively small percentage of the total neuronal population in the accumbens, they exert a powerful modulation of the NAc circuit activity through highly divergent and dense axonal projections (Lim et al., 2014) and are capable of altering cocaine conditioned place preference behavior in freely moving animals (Witten et al., 2010) . In addition, TANs in the NAcSh are activated by cocaine self-administration . The regulation of TANs appears to be brain sub-region specific, for optogenetic activation of dopamine neurons causes TANs in the NAcSh to fire a specific burst-pause pattern, but other regions like the nucleus accumbens core and the dorsal striatum do not consistently show this pattern in response to dopaminergic activation (Chuhma et al., 2014) . Additionally, optogenetic activation of TANs in the accumbens stimulates release of dopamine (Cachope et al., 2012) and reduced number of TANs causes hyperresponsiveness of the dopamine system and increased sensitivity to cocaine (Hikida et al., 2001; Laplante et al., 2011) . This suggests that reduced TAN firing in the NAcSh is integral to depression-like behavior and cocaine self-administration, but because the GSK3b shRNA vector also transduced MSNs, further work is needed to determine a direct causal link between GSK3b in TANs and the behavioral results. GSK3b has not yet been implicated in the reward processing of TANs, however, GSK3b has been suggested to be downstream of showing hyperpolarizing sag and action potential rebound in control (D) and shGSK3b knockdown (E) with injected current (500 msec, 20 pA/step). F. Summary graph of sag amplitude (mV) at different injected current (pA) showing reduced sag amplitude in GSK3b knockdown (n ¼ 18 cells) versus control (n ¼ 13 cells) (mean ± SEM). Control n ¼ 6 rats, shGSK3b n ¼ 8 rats. G. and H. Representative traces from control vector (G) and shGSK3b vector (H) transduced TANs showing trains of evoked action potentials at 800 msec and 150 pA current step injection. I. Input-output curve of evoked AP trains in response to repetitive current steps of constant increment. J. Action potential waveforms evoked at the current threshold are illustrated for control (black line) or shGSK3b vector (red line) transduced TANs. K. Bar graph showing reduced maximum rise (dV/dt, mV/msec) in GSK3b knockdown (n ¼ 17 cells) versus control (n ¼ 16 cells) (mean ± SEM); control n ¼ 6 rats, shGSK3b n ¼ 8 rats. L. Bar graph showing no significant difference in action potential maximum decay (dV/dt, mV/msec) in GSK3b knockdown (n ¼ 17 cells) versus control (n ¼ 16 cells) (mean ± SEM); control n ¼ 6 rats, shGSK3b n ¼ 8 rats. M. Bar graph showing no difference in the action potential voltage threshold (V trh , mV) in GSK3b knockdown (n ¼ 17 cells) versus control (n ¼ 16 cells) (mean ± SEM); control n ¼ 6 rats, shGSK3b n ¼ 8 rats. N. Bar graph showing increased current threshold (I trh , pA) in GSK3b knockdown (n ¼ 17 cells) versus control (n ¼ 16 cells) (mean ± SEM); control n ¼ 6 rats, shGSK3b n ¼ 8 rats. *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) dopamine receptors, specifically the dopamine D2 receptor DRD2 (Beaulieu et al., 2011; Sutton and Rushlow, 2012; Urs et al., 2012) . Dopamine receptors typically signal through G proteins, however they also have G protein independent signaling through b-arrestin, which is upstream of AKT and GSK3. There is some evidence that GSK3b even forms a protein complex with the dopamine D2 receptor (Sutton and Rushlow, 2012) . Previous work has shown that D2 receptors in the NAcSh are important for the reinstatement of cocaine seeking (Anderson et al., 2006) . D2 receptors are localized on cholinergic interneurons in the NAcSh and D2 receptor agonists and antagonists but not D1 receptor compounds alter the activity of TANs (Deng et al., 2007) . Therefore, knockdown of GSK3b may be influencing dopamine signals, contributing to TAN firing reduction.
The previous paragraph addresses mechanisms upstream of GSK3b, but the question remains how GSK3b can alter neuronal activity of TANs. The electrophysiological phenotypes reported in this study are consistent with a role of GSK3b in modulating spontaneous neuronal firing in TANs through effects on voltagegated ion channels that are independent from network activity.
TANs recorded in vivo respond to sensory stimuli associated with learned behavior with a transient depression of tonic firing (Wilson et al., 1990; Reynolds et al., 2004; Apicella, 2007) . Unlike in other neurons, firing in TANs is largely controlled by a combination of intrinsic voltage-gated conductances including Ih, Na þ persistent currents, and hyperpolarization-activated Kþ channels that drive oscillations of the membrane potential (Wilson, 2005) . Our whole-cell patch clamp analysis indicates that knockdown of GSK3b suppresses hyperpolarization-induced sag potentials and decreases action potential max rise while increasing AP threshold, suggesting a role of the Ih pacemaker current in establishing these phenotypes (Ko et al., 2016) . TANs firing is controlled by the neuron intrinsic properties that usually dominate over stimuli arising from synaptic inputs (Wilson, 2005) . Thus, it is conceivable that the suppression of spontaneous firing induced by GSK3b knockdown in the intact NAcSh circuit (Figs. 4 and 5AeC) is driven by autonomous changes in the intrinsic properties of the neurons rather than being network-driven.
Previous results from the hippocampus indicate that GSK3b regulates protein-protein interactions within the voltage-gated sodium channel (Nav) complex (Shavkunov et al., 2013) and investigation of Nav1.2 specifically found that GSK3b phosphorylates this channel, altering its functional properties (James et al., 2015) . The lack of changes in maximum firing frequency of evoked action potentials in TANs expressing AAV-shGSK3b (Fig. 5I) argues against a major involvement of Nav channels in mediating the observed phenotypes. However, which specific channels are GSK3b substrates in TANs should be addressed with future voltageclamp studies.
The AKT/GSK3 intracellular signaling cascade is generally implicated in the etiology of several psychiatric disorders with relevance to the nucleus accumbens (Beaulieu et al., 2009 ). Dysregulation of GSK3b is thought to play a role in susceptibility to depression and bipolar disorder (Jope, 2011) and is associated with other diseases such as schizophrenia, and even Alzheimer's disease (Kozlovsky et al., 2001; Emamian et al., 2004; Balaraman et al., 2006; Hooper et al., 2008) . Efforts to globally knock out GSK3b in mice have proven embryonically lethal (Hoeflich et al., 2000) , but heterozygous knockout mice survive and provide insights into the importance of GSK3b. These mice show reductions in depressionlike behavior similar to the behavioral results seen with lithium, an inhibitor of GSK3b (O'Brien et al., 2004) . However, lithium itself is not just an inhibitor of GSK3b but has other mechanisms of action and it is likely that the behavioral effects of the heterozygous knockout mice are a result of GSK3b action during development or in a different brain region, underscoring the utility of regionspecific knockdown of GSK3b in adult animals. Wilkinson et al., 2011 found that after social defeat stress, mice injected with a herpes simplex virus (HSV) overexpressing GSK3b in the nucleus accumbens showed a depression-like phenotype. Whereas the current study found that with little prior stress exposure, rats with decreased GSK3b in the nucleus accumbens with an AAV vector also show a depression-like phenotype, indicating modulatory effects of GSK3b under various levels of stress exposure. These seemingly disparate findings show GSK3b has important modulatory roles that can be adaptive or maladaptive even in the same brain region depending on stress exposure. We have previously hypothesized that the robust behavioral phenotypes resulting from environmental enrichment (i.e. decreases in depression-like behavior and decreases in cocaine selfadministration (Green et al., 2010) ) result from repeated mild stress exposure in the enriched animals and a lack of stress exposure in isolated animals (Crofton et al., 2015) . Chronic mild stress in the case of environmental enrichment is adaptive whereas a severe stressor, such as social defeat, is maladaptive (Crofton et al., 2015) . Therefore, our behavioral findings with knockdown of GSK3b shows similar depression-like behavioral effects as overexpression of GSK3b by Wilkinson et al., 2011 perhaps because of vast differences in stress exposure.
Previous evidence has suggested a role for GSK3b in addictive behaviors, particularly cocaine behaviors such as involvement in conditioned place preference, cocaine reward memory, cocaine hyperactivity, and cocaine behavioral sensitization (Miller et al., 2009 (Miller et al., , 2010 Shi et al., 2014; Xu et al., 2009 ). The current study assessed operant self-administration rather than locomotor activity in response to stimulants or place preference behavior and is the first to directly implicate GSK3b function in the NAcSh as a mediator of cocaine self-administration. We found that GSK3b knockdown in the NAcSh of rats caused an increase in cocaine selfadministration, especially at high unit doses of cocaine.
These results show that GSK3b in the NAcSh modulates behaviors related to addiction, depression, and anxiety. Further, loss of GSK3b specifically decreases spontaneous neuronal activity in TANs of the NAcSh, a neuronal population that plays an important role in these behaviors. Future understanding of the role of GSK3b signaling in the NAcSh could be informative for the development of novel pharmacotherapeutics.
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